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Abstract

Background

The Jaffe and enzymatic methods are the two most common methods for measuring serum

creatinine. The Jaffe method is less expensive than the enzymatic method but is also more

susceptible to interferences. Interferences can lead to misdiagnosis but interferences may

vary by patient population. The overall risk associated with the Jaffe method depends on

the probability of misclassification and the consequences of misclassification. This study

assessed the risk associated with the Jaffe method in an outpatient population. We ana-

lyzed the discordance rate in the estimated glomerular filtration rate based on serum creati-

nine measurements obtained by the Jaffe and enzymatic method.

Methods

Method comparison and risk analysis. Five hundred twenty-nine eGFRs obtained by the

Jaffe and enzymatic method were compared at four clinical decision limits. We determined

the probability of discordance and the consequence of misclassification at each decision

limit to evaluate the overall risk.

Results

We obtained 529 paired observations. Of these, 29 (5.5%) were discordant with respect to

one of the decision limits (i.e. 15, 30, 45 or 60 ml/min/1.73m2). The magnitude of the differ-

ences (Jaffe result minus enzymatic result) were significant relative to analytical variation in

21 of the 29 (72%) of the discordant results. The magnitude of the differences were not sig-

nificant relative to biological variation. The risk associated with misclassification was great-

est at the 60 ml/min/1.73m2 decision limit because the probability of misclassification and

the potential for adverse outcomes were greatest at that decision limit.
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Conclusion

The Jaffe method is subject to bias due to interfering substances (loss of analytical specific-

ity). The risk of misclassification is greatest at the 60 ml/min/1.73m2 decision limit; however,

the risk of misclassification due to bias is much less than the risk of misclassification due to

biological variation. The Jaffe method may pose low risk in selected populations if eGFR

results near the 60 ml/min/1.73m2 decision limit are interpreted with caution.

Introduction
Serum creatinine concentration (SCr) is routinely used as a surrogate to evaluate renal function
by incorporating the SCr into equations that estimate glomerular filtration rate (eGFR). eGFR
calculations are often used to identify and classify patients with kidney failure. Bias in SCr mea-
surements has been a source of concern because of the potential to misclassify patients with
respect to renal function.[1–3] Until recently, the lack of traceable standards was a source of
variation in SCr measurements. Standardization and harmonization campaigns have reduced
calibration bias, [4] but there are still concerns regarding bias due to method non-specificity
(i.e., effect of interfering substances).

Two formats are currently available for measuring creatinine: Jaffe assays (picric acid based)
and enzymatic assays. The Jaffe assays are more susceptible to interfering substances than the
enzymatic method both in frequency and degree of interference, [5] but enzymatic assays are
not immune to non-specificity. Several authors have suggested that the Jaffe assay should be
abandoned in favor of the enzymatic assay.[6–8]

Though the enzymatic assay is less prone to non-specificity bias than the Jaffe assay, it is
considerably more expensive. The reagent list price for one Jaffe assay is approximately $0.30
per test; the cost of the same manufacturer’s enzymatic assay is approximately $2.00 per test.
[9] Although the cost savings per test are modest, SCr is a high-volume test. A large hospital
laboratory might process 100,000 to 200,000 SCr samples per year. Laboratories could there-
fore realize substantial cost savings if the majority of SCr measurements could be performed by
the Jaffe method. Thus, the choice of SCr method presents a tradeoff between cost and assay
performance.

Clinical assay performance can be evaluated from several different perspectives.[10] These
perspectives include analytical performance (accuracy, linear range, precision), clinical perfor-
mance (ability to discriminate disease states), clinical effectiveness (impact on patient out-
comes), and cost-effectiveness. These perspectives form a hierarchy in which each level is
necessary but not sufficient for performance at the next level (e.g., analytical performance is
necessary for clinical performance). Analytical performance is the most basic criteria and is
most frequently evaluated in method comparison studies; however, a method should not be
evaluated solely on the basis of analytical performance.

Analytical performance is the most fundamental level of assay performance. Method com-
parison studies generally use the Bland-Altman method to compare the analytical performance
of two methods. In this approach, differences (discordances) are plotted against the average
result obtained by two methods. These plots are used to determine method bias, limits of
agreement, and estimates of the frequency and magnitude of outliers. Bland-Altman analysis
places equal weight on all discordances. In practice, some discordant values are more impor-
tant than others. This occurs because patients are classified with respect to decision limits
which, in turn, guide therapeutic decisions. Discordant results that span a decision limit result
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in misclassification and are more likely to have an impact on patient outcomes. Thus, it is
important to evaluate the impact of an assay on classification (clinical performance).

The misclassification rate is an important performance measure; however, misclassifications
are only important if they affect patient outcomes. The risk associated with misclassification
involves two factors: the probability of an event and the outcome of the event.[11] Risk is
defined as the product of these two factors (probability multiplied by outcome). In the context
of a diagnostic study, risk is determined by the probability of misclassification and the outcome
associated with misclassification. Though the probability of misclassification is important, it is
not sufficient to evaluate risk because many misclassifications will not affect outcomes. Thus it
is important to incorporate outcomes into assay analysis.

Several studies have compared the Jaffe and enzymatic methods but, to our knowledge, no
studies have incorporated outcomes in broad patient populations.[4, 5, 12] Most studies have
used spiked samples to demonstrate interferences or have compared results in specialized
patient populations such as diabetics.[2–4] Though such studies can show the potential for dis-
cordances, they lack generalizability because they are not conducted in broad patient popula-
tions. Few method comparisons have been conducted on broad, out-patient populations that
include patients from both primary care and specialty medicine clinics. Qiu et al. conducted a
method comparison study in patients with chronic kidney disease.[12] They found significant
discrepancies in the Modified Diet in Renal Disease (MDRD) eGFR and concluded that the
eGFR based on the enzymatic method was superior to eGFR based on the picrate method; how-
ever, they based their evaluation on accuracy and did not consider clinical risk. Although these
studies were conducted on broad patient populations, the assessment was limited to analytical
performance. In summary, no studies have compared the clinical effectiveness of the Jaffe and
enzymatic methods in real patient populations. Given the potential economic consequences of
assay selection, there is a need for such a comparison.

The Jaffe method could be cost effective in a population where the clinical risk associated
with misclassifying patients’ renal status secondary to analytical interferences is low. The risk
of misclassification may vary depending upon the relative proportion of patients in the
screened population that have interfering substances in their serum (e.g., diabetic versus non-
diabetic populations).

Most US laboratories use the Jaffe assay. A recent College of American Pathologists creati-
nine proficiency testing challenge showed that approximately 70% of the submitted results
were based on Jaffe assays.[13] Since most manufacturers offer an enzymatic assay on their
instrument platforms, it is reasonable to assume that the predominance of the Jaffe assay is
based on a preference for cost over accuracy. Little information is available to assess the clinical
impact of using a less specific creatinine for estimating GFR and classifying patients.

This study compared the clinical effectiveness of the Jaffe and enzymatic methods in a
broad outpatient population. To that end, we estimated the frequency of discordant eGFR
results at defined clinical decision limits in specimens from an outpatient population serviced
by a central hospital laboratory and assessed the clinical risk associated with misclassification.

Methods

Overview
We determined the frequency and magnitude of discordant eGFR results derived from SCr
based on the Jaffe and enzymatic methods and compared the observed discordances against
the discordances that would be predicted from analytical and biological variability in eGFR
(Fig 1). We focused our study on discordances at clinical decision limits (15, 30, 45 and 60 ml/
min/1.73 m2). The study was approved by the University of Utah IRB (IRB #00065210). This
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study was a retrospective database analysis. Patient permission was not obtained. Data was
anonymized and deidentified prior to analysis.

Theoretical background
Results are defined as unconditionally discordant when the values differ. Conditionally discor-
dant results, on the other hand, fall on different sides of a decision limit. This study focuses on
conditional discordance but also considers unconditional discordance. We do not always use
the terms “conditional” and “unconditional” when the type of discordance is clear from the

Fig 1. Overview of experimental design.We randomly selected 529 patient samples from outpatient
samples that were submitted to the laboratory for SCr measurements (Population 1). This group of samples
was used for the method comparison study and to evaluate the analytical precision of the Jaffe and
enzymatic methods. We estimated biological variability in the outpatient population by identifying all
outpatients who had at least two SCr measurements in 2013 (Population 2). This group contained 13,243
patients with a total of 42,195 SCr measurements. We evaluated the magnitude of discordances
(standardized discordances) and the frequency of discordances (expected discordance vs observed
discordance).

doi:10.1371/journal.pone.0143205.g001
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context. We first discuss misclassification and then discuss the relationship between misclassi-
fication and conditional discordance.

Misclassification results from measurement error. There are two sources of measurement
error: bias and imprecision. Imprecision is due to a random fluctuation; bias is due to a system-
atic difference. These two types of error can be distinguished by their response to sample size.
Error due to imprecision can be eliminated by increasing sample size; error due to bias cannot
be eliminated by increasing sample size.

Misclassification due to imprecision is determined by two factors: the distance of the true
result from the decision limit and the imprecision associated with the measurements (S1 Fig).
For a single sample, the probability of misclassification increases as the distance between the
true result and the decision limit, |x − L|, decreases. The probability of misclassification of a
single sample also increases with the imprecision of the measurement (S1 Fig).

For multiple samples from a patient population, the average probability of misclassification
depends on the distribution of the true values relative to the decision limit (S2 Fig). The risk of
misclassification increases as the density of the distribution in the region surrounding a deci-
sion limit increases. For example, in a population of normal patients (i.e., eGFR> 60 ml/min/
1.73 m2), the greatest proportion of patients would have values greater than 60 ml/min/1.73 m2

and relatively few patients would have low eGFR values. Thus, in such a population, one would
expect the misclassification rate to be greater at 60 ml/min/1.73 m2 than at 15, 30, and 45 ml/
min/1.73 m2. The opposite would be expected in a population of patients with chronic kidney
disease. The misclassification rate at each decision limit depends on the distribution of eGFR
values in the patient population. For this reason, the eGFR distribution of the patient popula-
tion must be clearly specified in method comparison studies.

Misclassification can also result from bias. Bias occurs when the expected value (average of
multiple measurements) differs from the true value. We consider two types of bias: method
bias and loss of analytical specificity (LAS). Method bias represents the average difference
between methods across multiple samples (e.g., as determined by Bland-Altman analysis). LAS
represents the average difference between multiple measurements by two different methods on
a single sample.

The measured value can be expressed as a combination of the two types of error:

Xi ¼ xi þ ei þ bi 1

where X is the measured value, x is the true value, e is the error due to imprecision, and b is the
bias for sample i. We will assume that e is normally distributed, e � Nð0; s2

eðxÞÞ:We expect
that the imprecision will vary with the magnitude of the underlying measurement, x. We will
assume that there is no method bias so that bi represents LAS. Bias can increase or decrease the
probability of misclassification, depending on the direction of the bias relative to the decision
limit (S3 Fig). LAS will increase the probability of misclassification with respect to decision
limit L when (L − xi)(Xi − xi)> 0.

Conditional discordance occurs when observations from two different methods fall on
either side of a decision limit. Conditional discordance is related to misclassification because
one result must be misclassified to obtain a discordant result. The conditional discordance rate
has properties that are similar to the misclassification rate. For an individual sample, the proba-
bility of conditional discordance decreases as the distance of the true value from the decision
limit, |x − L|, increases. As with misclassification, the probability of discordance increases with
the variability associated with the measurement.
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Like misclassification, discordance can be caused by bias or imprecision. The overall discor-
dance rate can be expressed as the sum of discordance due to imprecision and bias:[14]

Dobs
EJ ¼ D̂bias

EJ þ D̂prec
EJ 2

where Dobs
EJ is the observed discordance rate between the enzymatic (E) and Jaffe (J) methods,

D̂prec
EJ is the expected discordance due to imprecision, and D̂bias

EJ is the estimated discordance due

to bias. D̂prec
EJ can be estimated from the distribution of true values in the sample population and

the imprecision of the two methods (J and E).[14] The expected conditional discordance rate

due to imprecision, D̂prec
EJ , provides an estimate of the rate at which discordant results would be

observed if bias were absent. The discordance due to bias can be estimated by the difference
between the observed discordance rate and the discordance attributable to imprecision:

D̂bias
EJ ¼ Dobs

EJ � D̂prec
EJ 3

If methodological bias is absent, D̂bias
EJ provides an estimate of the discordance rate caused by

LAS. The estimated discordance rates provide a way to compare the observed frequency of dis-
cordant results against the frequency of results that would be observed due to imprecision
alone and to estimate the impact of LAS.

Discordance rates depend on the variability of the underlying measurement. We used two

different measures of variability: analytical variability and biological variability. D̂prec
EJ based on

analytical variability provides an estimate of the discordance rate that would be expected from

repeated measurements on a single set of samples taken from the patient population. D̂prec
EJ

based on biological variability provides an estimate of the discordance rate that would be
expected from resampling the population and averaging the discordance rate obtained in each
sample. The predicted discordance based on analytical variability will usually be less than the
discordance rate predicted from biological variability. Thus, given an observed discordance
rate, the estimated discordance due to bias (Eq 3) will be higher when based on analytical vari-
ability than on biological variability. Both of these estimates provide useful perspectives on dis-
cordance rates.

The discordance rate provides a useful performance measure; however, the magnitude of
discordance is also important. Given a discordance, one has to evaluate whether the magnitude
of discordance is significant. Significance can only be evaluated relative to a measure of varia-
tion. As with discordance rates, we evaluated the magnitude of discordances relative to analyti-
cal and biological variation.

The difference between readings by two different methods on a single sample is given by:

XJ � XE ¼ DJE ¼ ðxJ � xEÞ þ ðeJ � eEÞ þ ðbJ � bEÞ 4a

¼ ðeJ � eEÞ þ ðbJ � bEÞ 4b

The expected discordance and variance of the expected discordance are given by:

E½DJE� ¼ E½ðeJ � eEÞ þ ðbJ � bEÞ� ¼ ðbJ � bEÞ 5

VAR½DJE� ¼ VAR½ðeJ � eEÞ þ ðbJ � bEÞ� ¼ VAR½ðeJ � eEÞ� 6

where the subscripts J and E represent values corresponding to the Jaffe and enzymatic method,
respectively. The expressions for the expectation and variance of the difference follow because
the true values are independent of the method of measurement (i.e., xJ = xE); the expected
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value of the error due to imprecision, e, is zero; and the bias from a method in an individual
sample (bJ and bE) are constants. Eq 5 shows that the average difference obtained from repeated
measurements taken by two methods on a single sample provides an estimate of the difference
in bias. If the bias in one method is low (e.g. bE � bJ), then E[ΔJE] provides an estimate of the
bias in the biased method. We also expect the error from imprecision from the two methods to
be independent so that

VAR½ðeJ � eEÞ� ¼ VAR½eJ � þ VAR½eE� ¼ s2
J ðxÞ þ s2

EðxÞ ¼ s2
DðxÞ 7

Discordance was defined as significant if the absolute value of the standardized discordance
was greater than 1.96. Standardized discordance, Zi(L), for sample i at decision limit L, was
defined as:

ZiðLÞ ¼
ðXj � XEÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
J ðxÞ þ s2

EðxÞ
q ¼ D

sDðx ¼ LÞ 8

where XJ and XE are the eGFR observations for the Jaffe and enzymatic methods, L is the deci-
sion limit (60, 45, 30, or 15 ml/min/1.73m2), and σΔ(L) is the standard deviation of the differ-
ence at the decision limit. Standardized analytical discordance was calculated using the
analytical variance. Standardized biological discordance was calculated using the biological
variation.

Biological variation is often a major component of total variation when samples are taken
over time.[15] Estimates of the within person variability range from 4.7% to 16.5%. [16–19]
Badrick and Turner estimated that the real change value of the eGFR is 11 ml/min/1.73m2 at
the 60 ml/min/1.73m2 decision limit.[17] The clinical significance of bias (LAS) would depend
on the magnitude of the bias relative to the magnitude of the biological variation.

In this study we compare unconditional discordance rates, conditional discordance rates,
and the rate of significant conditional discordances.

Patient population for method comparison and measurement of analytical variation.
The method comparison and analytical variability was based on samples collected at outpatient
clinics (Population 1, Fig 1). Five hundred twenty-nine unique outpatient samples were ran-
domly selected from the sample population submitted to the University of Utah hospital labo-
ratory over a 45-day period (7/31/2013 to 9/13/2013). Daily sample sizes were approximately
10% of the eligible outpatient samples.

Serum creatinine measurement for method comparison. Sample analyses were per-
formed on the Abbott Architect c8000 analyzer. Each sample was tested by both Jaffe (kinetic
alkaline picrate, Abbott Laboratories, Abbott Park, IL) and enzymatic (creatininase, Abbott
Laboratories, Abbott Park, IL) methods. After centrifugation, samples were loaded onto Archi-
tect sample trays and batch ordered to perform coincident Jaffe and enzymatic testing.

Analytical precision of serum creatinine measurements. Analytical precision of the
enzymatic and Jaffe assays were determined as follows: Patient specimens were pooled to pro-
duce 40 samples at concentrations of 0.28, 0.79, 1.21, 2.73, and 5.08 mg/dL. Each sample was
measured daily in duplicate for 20 days. Within-device (analytical) precision was calculated
according to established guidelines.[20] The analytical precision at intermediate SCr concen-
trations was estimated by interpolation. Regression analysis was used to determine the relation-
ship between the coefficient of variation (CV) and SCr.

Analytical and biological variation of eGFR measurements. GFR was calculated using
the Chronic Kidney Disease Epidemiology (CKD-EPI) equation.[21] The CKD-EPI equation
was chosen because we were interested in misclassification at the 60 mL/min/1.73m2 decision
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limit, and the MDRD equation systematically underestimates eGFR above 60 mL/min/1.73m2.
[22] The CKD-EPI equation also has greater precision than the MDRD equation.[21] Analyti-
cal variation of eGFR was estimated from SCr precision using propagation of error calculations
(see Appendix 1). Biological variation in eGFR was estimated by selecting all outpatients who
had multiple SCr measurements in calendar year 2013 (Population 2, Fig 1). This population
consisted of 13,423 patients with 42,195 SCr measurements. (The median time between SCr
measurements was 55 days, 5th percentile was 3 days, 95th percentile was 222 days). In this
group, SCr was determined by the enzymatic method, and eGFR was estimated by the
CKD-EPI equation. The limits of biological variation (within-patient variability) were defined
as the 2.5 and 97.5 percentiles of the distribution of consecutive eGFR differences. The biologi-
cal variability increased with the mean eGFR. For that reason, we determined the biological
variability in each of the four zones centered at the 15, 30, 45, and 60 mL/min/1.73m2 decision
limits (zones were defined as +/- 7.5 mL/min/1.73m2 from the decision limit). We used linear
regression to estimate the limits of biological variability as a function of eGFR based on the esti-
mates of biological variability in each zone.

Method comparison. Bland-Altman plots and orthogonal regression were used to com-
pare calculations (SCr and eGFR) derived from both creatinine methods (enzymatic and Jaffe).
We evaluated eGFR discordance at four key clinical decision limits (eGFR = 15, 30, 45, and 60
mL/min/1.73m2). [23]

Discordant eGFR results. Results were defined as discordant when the eGFR based on the
Jaffe and enzymatic methods fell on different sides of a decision limit. The magnitude of discor-
dance was defined as the difference between the Jaffe and enzymatic eGFR values. Discordance
was quantified by two different approaches. The overall observed incidence of discordant
results was calculated by dividing the number of discordant values by the total number of spec-
imens analyzed. We also estimated regional discordance rates to determine whether the esti-
mated rates varied at the four clinical decision limits. To estimate the number of results at risk
for discordance at each decision limit, we defined zones (+/- 7.5 mL/min/1.73m2) surrounding
each decision limit. The zones were obtained by evenly dividing the regions between the deci-
sion limits. The regional discordance was calculated by dividing the number of discordances at
a decision limit by the number of specimens contained in the surrounding zone. Zones were
defined as follows 15 mL/min/1.73m2 (7.5 to 22.5), 30 mL/min/1.73m2 (22.5 to 37.5), 45 mL/
min/1.73m2 (37.5 to 52.5), and 60 mL/min/1.73m2 (52.5 to 67.5).

Expected discordance rates were estimated using a published method.[14] In brief, this
method estimates the discordance rate that would be expected from consecutive measurements
in a patient population based on the underlying imprecision in measurements and the distribu-
tion of true values in the population. We calculated expected discordance based on analytical
variation and biological variation and compared this to the observed discordance rate seen in
our sample (Population 1, Fig 1).

Overall, we compared the observed frequency and magnitude of discordance in eGFR due
to differences in the Jaffe and enzymatic method against the frequency and magnitude of dis-
cordance that would be expected from analytical variation and biological variation (Fig 1). The
magnitude of discordances was compared using standardized differences (relative to analytical
or biological variation). The frequency of discordances was evaluated by comparing the
observed discordance rate to the expected discordance rate.

Risk analysis. We used standard methods for risk analysis.[11] We assessed the probabil-
ity of misclassification (i.e., the observed and expected misclassification rate) and also assessed
the clinical consequences of misclassification. Risk of misclassification was assessed at the 15,
30, 45, and 60 mL/min/1.73m2 decision limits.[23] These limits are the recommended limits
for classification of patients with respect to chronic kidney disease.
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Statistical calculations. Correlation analysis was performed using orthogonal (Deming)
regression using Minitab 16 (Minitab Corporation, State College, PA). Calculations were per-
formed using Stata 13 (Stata Corporation, College Station, TX). Statistical hypotheses were
tested at the 5% significance level.

Results

Patient population for discordance analysis
(Population 1, Fig 1): We included 529 patients. We obtained 240 samples from outpatient
clinics located at the University of Utah Hospital (mostly specialty medicine clinics) and 289
samples from outpatient clinics located outside the hospital (mostly primary care clinics). The
median age was 57 years (range 18 to 94 years). Forty-six percent were male and 2.8% were
African American. The median SCr (enzymatic method) was 0.95 mg/dL (95% range: 0.64,
1.81). The median eGFR was 78.8 mL/min/1.73m2 (95% range: 32.7, 120.4). The distribution
of SCr and eGFR values for the patient population is presented in Fig 2. The zones centered at
15, 30, 45, and 60 mL/min/1.73m2 contained 2.4%, 5%, 9.8%, and 17% of the eGFR values,
respectively. Sixty-six percent of the eGFR values were greater than 67.5 mL/min/1.73m2.

Analytical variation of creatinine measurements
The Jaffe method had greater precision than the enzymatic method (Table 1). The coefficient
of variation of SCr measurements was linearly related to the reciprocal of the SCr concentra-
tion. For the Jaffe method, CV = 0.0075 + 0.0066(1/SCr). For the enzymatic method,
CV = 0.0113 + 0.0050(1/SCr). Both regressions provided a good fit (R2 for Jaffe = 0.88, R2 for
enzymatic = 0.97). S1 Data

Analytical variation of eGFR
The precision profile for eGFR is presented in Fig 3. The predicted standard deviation for the
difference in eGFR (Jaffe vs enzymatic) ranged from 0.1 mL/min/1.73m2 to 3.5 mL/min/
1.73m2 at eGFR levels of 8 and 126 mL/min/1.73m2, respectively.

Correlation of creatinine measurements
The Bland-Altman plot (Fig 4) had a mean of 0.0, a lower bound of -1.32 and an upper bound
of 1.33 mg/ dL. Orthogonal (Deming) regression showed no significant difference between the
Jaffe and enzymatic methods. The slope was 1.006 (95% CI: 0.998, 1.103) and the intercept was
-0.005 (95% CI: -0.015, 0.006). S2 Data

Correlation of eGFRmeasurements
The Bland-Altman plot for eGFRs is presented in Fig 4. The mean, lower, and upper limits for
the CKD-EPI Bland Altman plot are 0.1, -10.3, and 10.5 mL/min/1.73m2, respectively. There
was a statistically significant difference between eGFRs based on the Jaffe and enzymatic eGFR.
The intercept for the Jaffe-enzymatic regression was 2.66 (95% CI: 1.35, 3.98) and the slope
was 0.97 (95% CI: 0.95, 0.99).

Biological variation of eGFR
The biological variation of eGFR (Population 2, Fig 1) increased with the mean eGFR. The lim-
its of biological variation were +/- 8, 13.5, 18, and 21.5 ml/min/1.73 m2 at the 15, 30, 45, and 60
ml/min/1.73 m2 decision limits, respectively (S4 Fig). The limit of biological variation, LB, was
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Fig 2. Upper: Distribution of eGFR. The solid lines indicate zones centered at 15, 30, 45, and 60 ml/min/1.73 m2. Lower: Relationship between serum
creatinine and eGFR. eGFR was estimated using the Chronic Kidney Disease Epidemiology (CKD-EPI) equation.

doi:10.1371/journal.pone.0143205.g002
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approximated by the linear relationship, LB = 4.0 + 0.3�eGFR which encompassed 97% of the
deviations (Fig 5). In this population, the median time between SCr measurements was 55 days
(5th percentile was 3 days, 95th percentile was 222 days). On average, the eGFR was stable over
time. The eGFR decreased, on average, by 0.0036 ml/min/1.73 m2 per day or 1.3 ml/min/1.73
m2 per year. S3 Data

Analysis of unconditional discordance
The magnitude of the eGFR differences frequently exceeded the magnitude of differences that
would be expected from analytical variation. Forty-two percent (227 of 529) of the eGFR differ-
ences were significant (i.e., exceeded two standard deviations) relative to analytical variability
(Fig 6). The magnitude of eGFR differences were always less than the limits of biological vari-
ability, LB. Thus, none of the observed discordances were significant relative to biological
variability.

Table 1. Comparison of precision of the Jaffe and enzymatic methods for serum creatinine (SCr).

SCr (mg/dL) Coefficient of Variation (percent)

Jaffe method Enzymatic method

0.28 3.0 2.9

0.79 1.4 1.7

1.21 1.8 1.7

2.73 0.8 1.3

5.08 0.8 1.2

doi:10.1371/journal.pone.0143205.t001

Fig 3. Precision Profile for eGFRMeasurements. These Figs show the standard deviation of the eGFR as
a function of eGFR for the CKD-EPI method for the enzymatic (left panel) and Jaffe method (right panel). All
data (age, sex, and race) are combined.

doi:10.1371/journal.pone.0143205.g003
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Fig 4. Bland-Altman plots for creatinine and eGFR.Upper panel: Creatinine. Lower panel: eGFR.

doi:10.1371/journal.pone.0143205.g004
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Comparison of conditional discordance relative to analytical variability
Overall, there were 29 (5.5%) conditionally discordant CKD-EPI observations (Fig 7, Table 2).
Twenty-one of these 29 discordant observations (72.4%) were significant relative to the analyti-
cal variation (i.e., greater than two standard deviations of the estimated analytical precision of
the difference). The observed discordance rates were higher than the expected discordance
rates at each decision limit (Table 3) and the overall observed discordant rate was (5.3%) was
significantly greater than the expected discordance rate (z = 4.6, p< 0.001). There was no sig-
nificant difference between the discordance rates in each of the zones centered at 15, 30, 45,
and 60 mL/min/1.73m2; however, there was considerable imprecision in the rate estimates at
the lower eGFR decision limits (Table 3).

The discordances showed no consistent direction. Eighteen of 29 (62%) of the total
CKD-EPI discordances were positive (i.e., Jaffe value> enzymatic), and 11 of 21 (52%) of the
significant CKD-EPI discordances were positive (Fig 7). The difference between negative and
positive discordances was not statistically significant (minimum p value over all decision
limits = 0.09).

The observed discordance rate at decision limits was greater than the expected discordance
rate. The overall expected discordance rate due to analytical imprecision was 2.3% (Table 3).
The observed discordance rate was 5.3%.

Comparison of conditional discordance to biological variation
None of the discordances were significant relative to biological variation at any decision limit
(Table 2, S5 Fig). The observed discordance rate was lower than the expected discordance rate
due to biological variation (Table 3).

Fig 5. Biological Variability of eGFR. Each point represents the difference between consecutive eGFR
measurements in one patient. The dashed line represents the estimated limit of biological deviation (95%
confidence limits).

doi:10.1371/journal.pone.0143205.g005
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Risk analysis
The greatest potential for clinical impact of misclassification occurs at the 60 mL/min/1.73m2

decision limit where patients without other clinical evidence of kidney disease risk misdiagno-
sis of CKD (Table 4).

Discussion
Our study estimated the impact that adopting the Jaffe method for SCr measurement would
have on patient care in a representative outpatient clinic population. We focused on discor-
dance at clinical decision limits (conditional discordance) because these limits are used to clas-
sify patients and direct therapy which can affect patient outcomes. We found that the
conditional discordance rate was greater than would be expected from analytical variation and
less than would be expected from biological variation. The magnitude of the discordances was
often significant relative to analytical variation but was insignificant relative to biological
variation.

We observed no systematic difference between the methods (average difference between the
Jaffe and enzymatic SCr was zero). Therefore, the observed discordances are most likely due to
a combination of analytical variation and bias. If we assume that all the discordant observations
are attributed to the Jaffe method and that all discordant results represent kidney function mis-
classifications, then adoption of the Jaffe method would result in an apparent increase of
approximately 5.4% in misclassifications. However, we estimate that approximately 28% of the
discordant observations were due to analytical imprecision in the eGFR. Thus, the incremental
increase in analytically significant misclassification would be approximately 4%. Since only a

Fig 6. Comparison of analytical variation, biological variation and unconditional discordance. The
inner lines (maroon) are the limits of analytical variation and the outer (black) lines are the limits of biological
variation. Forty-two percent of the discordances exceed the limits of analytical variation. None of the
discordances exceed the limits of biological variation.

doi:10.1371/journal.pone.0143205.g006
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portion of the discordances can be attributed to the Jaffe method, 4% represents an upper
bound on the analytically significant misclassification rate.

Analytical variation provides a stringent criterion with which to evaluate discordance.
Although this criterion provides a means to estimate the magnitude and frequency of LAS, ana-
lytical variability is much less than the variation that would be seen in clinical practice. The
rate and magnitude of discordance that could be attributed to LAS is less than the rate and
magnitude of discordance that would arise from daily biological variation in patients. Thus,
even if all LAS were attributed to the Jaffe method, it is not clear that the Jaffe method would
have a clinically significant impact on misclassification.

Although misclassifications increase the risk of patient harm, the overall risk depends on
the likelihood that a misclassification would result in a change in management that would have
significant consequences for the patient. The overall risk is determined by the product of the
probability of misclassification and the consequence of misclassification.[11] These two factors
vary by decision limit so the overall risk varies by decision limit. A misclassification will not
lead to harm if the consequences of misclassification are small. A misclassification will not nec-
essarily lead to harm even when the consequences are significant. For example, the expected
consequence would be reduced if it was likely that the misclassification would be discovered
(i.e., repeat testing, ancillary information) before a change in management. Therefore, accuracy
alone is insufficient to evaluate the suitability of an analytical method. We used a risk-analysis
framework because it incorporates both the rate and consequences of misclassification.

Fig 7. Comparison of observed discordances to analytical variation. Each line represents the difference
between the Jaffe result and enzymatic result. The vertical lines indicate the decision limit and two standard
deviations of the difference (Jaffe-enzymatic) due to measurement imprecision at the decision limit. The
arrows are directed from the enzymatic result toward the Jaffe result (the Jaffe result is greater than
enzymatic when arrows point from left to right). Heavy lines indicate statistically significant discordances (i.e.,
greater than two standard deviations of the analytical variation) and light lines indicate nonsignificant
discordances.

doi:10.1371/journal.pone.0143205.g007
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We assessed the risk associated with misclassification at four decision limits. We evaluated
the probability of a misclassification, the impact of the misclassification on patient manage-
ment, the consequences for the patient, and the likelihood that a misclassification would lead
to a change in management. Misclassifications using the Jaffe method at the 15, 30, and 45 mL/
min/1.73m2 cutoffs were infrequent and the magnitude of the discordances was less than 8
mL/min/1.73m2 (range -6.6 mL/min/1.73m2 to 7.9 mL/min/1.73m2). Therefore, the diagnosis
of CKD would not be questioned as long as the eGFR had been low for� 3 months. In general,
the effect of misclassification carries less risk at these cutoffs, even at the 15 mL/min/1.73m2

threshold when dialysis may be considered since eGFR is not the only factor that determines
when dialysis is necessary. More often, dialysis begins when malaise, nausea, weight loss,

Table 2. Discordance rate by eGFR decision point.

Discordance Type Decision Limit Zone Range Number of Specimens In Zone (%) SD ND Observed Discordance Rate (95% CI)

AD 60 52.5–67.5 92 (17.0) NA 17 18.5 (11.1,29.9)

45 37.5–52.5 53 (9.8) NA 8 15.1 (6.7, 27.6)

30 22.5–37.5 27 (5.0) NA 2 7.4 (1.0, 24.2)

15 7.5–22.5 13 (2.4) NA 2 15.4 (1.9, 45.4)

All 0–100 529 NA 29 5.3 (3.6, 7.6)

ASD 60 52.5–67.5 92 (17.0) 1.6 11 12.0 (6.1, 20.4)

45 37.5–52.5 53 (9.8) 1.2 6 11.3 (4.2, 23.0)

30 22.5–37.5 27 (5.0) 0.7 2 7.4 (1.0, 24.2)

15 7.5–22.5 13 (2.4) 0.3 2 15.4 (1.9, 45.4)

All 0–100 529 NA 21 3.9 (2.4, 5.9)

BSD 60 52.5–67.5 92 (17.0) 11.2 0 0 (0.0,3.9)

45 37.5–52.5 53 (9.8) 9.1 0 0 (0.0, 6.7)

30 22.5–37.5 27 (5.0) 7.1 0 0 (0.0, 12.8)

15 7.5–22.5 13 (2.4) 4.3 0 0 (0.0, 24.7)

All 0–100 529 NA 0 0 (0.0,0.6)

We calculated the discordance rate for each zone by dividing the number of discordances at a decision limit by the number of samples at risk of

discordance (i.e., samples with eGFRs within 7.5 mL/min/1.73m2 of the decision limit). Significant discordances were defined as those with differences

greater than two standard deviations of the difference due to analytical imprecision or biological variability. SD = standard deviation, ND = number of

discordant observations (i.e., Jaffe and enzymatic measurements on either side of the decision limit), NA = not applicable. Standard deviations represent

analytical variation (middle group) or biological variation (bottom group). AD = All discordances. ASD = Analytically significant discordances.

BSD = Biologically significant discordances.

doi:10.1371/journal.pone.0143205.t002

Table 3. Analysis of expected discordance rates.

Decision Limit N Observed Discordance Rate Expected Discordance Rate Estimated Discordance Rate Due to Bias

Analytical Variability Biological Variability Analytical Variability Biological Variability

60 17 0.0321 0.011 0.163 0.0211 NA

45 8 0.0151 0.006 0.092 0.0091 NA

30 2 0.0038 0.003 0.032 0.0008 NA

15 2 0.0038 0.003 0.007 0.0008 NA

Total 29 0.0548 0.0230 0.294 0.0318 NA

The observed discordance rate (based on 529 observations) is compared to the discordance that would be expected from imprecision alone based on

analytical variability and biological variability. NA = not applicable.

doi:10.1371/journal.pone.0143205.t003
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hypervolemia, hyperkalemia, and acidosis are difficult to manage in the setting of very low
eGFR (usually< 10 mL/min/1.73m2). Other management issues to consider with very low
eGFR include the timing of arteriovenous fistula creation for hemodialysis, placement of peri-
toneal dialysis catheter, or preemptive kidney transplantation. These are not usually considered
until eGFR is< 20 mL/min/1.73m2, where the difference between the Jaffe and enzymatic
methods is quite small. Overall, the risk of using the Jaffe method over the enzymatic method
is low, particularly for those with lower eGFR.

The most frequent incidence of significant misclassifications in our data set that could be
attributed to use of the Jaffe assay (� 2%) occurred at the 60 mL/min/1.73m2 cutoff—the
threshold for CKD diagnosis assuming there is no other evidence of renal disease.[23] The
main effect of misclassification at an eGFR of 60 mL/min/1.73m2 is in terms of CKD diagnosis.
Misclassification of a patient to an eGFR< 60 mL/min/1.73m2 would inappropriately diagnose
CKD which could lead to further testing, nephrology referral, and patient anxiety, although it
is important to remember that the diagnosis of CKD based on low eGFR alone requires persis-
tence of the low eGFR for at least three months.[24, 25] On the other hand, misclassification of
a patient to an eGFR> 60 mL/min/1.73m2 will fail to diagnose CKD, which is a major risk fac-
tor for cardiovascular disease and death.[26] Furthermore, guidelines recommend lower blood
pressure targets for people with CKD (i.e., systolic blood pressure < 140 mm Hg).[27] Failing
to diagnose CKD may not prompt treatment of blood pressure to these targets. Finally,
nephrology referral and other diagnostic tests may not be considered.

Discordances at the 60 ml/min/1.73m2 limit pose the greatest risk because patients who are
misclassified above 60 may be lost to followup when they have kidney disease. Thus, disease
could progress. Overall, our results suggest that the rate of such misdiagnosis due to biologi-
cally significant variation is quite small. The risk of misdiagnosis by eGFR based on the Jaffe
method could be reduced by excluding patients with high likelihood of interference (e.g.,
known or new diabetics) or by reflexing all higher risk eGFR observations (i.e., those near the

Table 4. Risk assessment for Jaffe method.

eGFR Decision limit mL/min/1.73m2 Total

15 30 45 60

Discordance Rate,
CKD-EPI

0.37(0.04, 1.33) 0.37(0.04, 1.33) 1.49(0.64,2.90) 3.13(1.84,4.99) 5.37
(3.62,7.62)

Significant,
CKD-EPI

0.37(0.04, 1.33) 0.37(0.04, 1.33) 1.11(0.41, 2.40) 2.04(1.02, 3.61) 3.89(2.42,
5.88)

Diagnosis Below
Limit

Stage 5 CKD Stage 4 CKD Stage 3b CKD Stage 3a CKD

Diagnosis Above
Limit

Stage 4 CKD Stage 3b CKD Stage 3a CKD No CKD or Stage 2 CKD*

Management Below
Limit

Prepare for dialysis and/or
kidney transplantation

(monthly visits and lab tests)

Very frequent clinic
visits & lab tests
(every 3 months)

Frequent clinic visits
& lab tests (every

3–6 months)

Periodic clinic visits (every 6–12
months), further testing, nephrology
referral, lower blood pressure goal in

some cases

Management
Above Limit

Prepare for dialysis and/or
kidney transplantation

Frequent clinic visits
(every 3–6 months)

Frequent clinic visits
(every 6–12 months)

None unless other evidence of kidney
injury

Probability of
Mismanagement

Low Low Low Low-Moderate

Overall Risk Low Low Low Low

*if other evidence of kidney injury (i.e., proteinuria, glomerular hematuria, kidney cysts)

eGFR = estimated glomerular filtration rate. CKD = chronic kidney disease.

doi:10.1371/journal.pone.0143205.t004
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60 ml/min/1.73m2 limit) for testing by another method, such as with cystatin C, which when
combined with SCr in the CKD-EPI equation is more accurate in persons with more preserved
renal function.[23]

We estimated that the within-person variability is approximately 37% which corresponds
closely to the estimates provided by Klee et al. who obtained estimates of 33% in an outpatient
population.[19] Selvin et al. found that the within-person eGFR was 13.2% and that the discor-
dance rate was approximately 17% at the 60 ml/min/1.73m2 limit.[16] Another recent study
performed showed that 52% of patients with an initial eGFR below the 60 ml/min/1.73m2 limit
were confirmed to have chronic kidney disease after a second eGFR measurement.[28] Our
results also suggest that eGFR results near the 60 ml/min/1.73m2 limit should be repeated to
reduce the chance of misclassification.

Our analysis has several limitations. Most importantly, we did not compare the Jaffe and
enzymatic methods to a gold standard. Thus, our analysis only provides relative error rather
than absolute error. However, our risk analysis is not dependent on absolute error. We
assumed that all errors were due to the Jaffe method and thereby obtained an upper limit to the
error rate of the Jaffe method. Using this upper limit, we found that the Jaffe method presents
relatively low risk to patients. The 4% error rate may seem unacceptable; however, it is the clin-
ical risk (probability of misclassification x consequence of misclassification) that is important.
Our analysis suggests that the risk associated with the Jaffe method may be acceptable, particu-
larly in view of the high cost associated with the enzymatic method and the frequency of
expected discordances secondary to biological variability. This may justify the use of the Jaffe
method for outpatient screening.

Conclusion
The Jaffe method is less expensive than the enzymatic method but is also more susceptible to
interferences. We estimate that the misclassification rate associated with the Jaffe method
would be approximately 4%. Misclassifications would occur primarily at the 60 ml/min/1.73m2

decision limit. Although the Jaffe method would increase misclassifications, the potential for
mismanagement and patient harm is relatively low because diagnosis of CKD is not based on
eGFR alone.

Appendix 1

Calculation of the Measurement Precision of eGFR. [29]
The equations for eGFR depend on age, sex, race, and SCr. Therefore, the variability in eGFR
due to imprecision in SCr depends on age, sex, and race.

The CKD-EPI equation is:

eGFRCKD ¼ 141 min
SCr
k

; 1

� �� �a

max
SCr
k

; 1

� �� ��1:209

ð0:993AgeÞK3K4 A:1

where a ¼ �0:329 if female

�0:411 otherwise
; k ¼

0:7 if female

0:9 otherwise
; K3 ¼

1:018 if female

1:0 otherwise
; K4 ¼

1:159 if black

1:0 otherwise

8>><
>>:

8>><
>>:

8>><
>>:

8>><
>>:
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Eq A.1 can be written as:

eGFRCKD ¼ A
SCr
k

� �B

0:993Age A:2

Taking the derivative of A.1 with respect to SCr gives:

DeGFRCKD

DSCr
¼ AB

1

k

� �
SCr
k

� �B�1

0:993Age A:3

Multiplying both sides by ΔSCr and dividing by eGFRCKD gives:

DeGFRCKD

eGFRCKD

¼ B
DSCr
SCr

A:4

or:

DeGFRCKD ¼ B
DSCr
SCr

eGFRCKD A:5

Supporting Information
S1 Fig. Impact of bias and precision on the probability of misclassification. Each panel
shows the distribution of measurements centered on the true value. The width of the distribu-
tion depends on the variation of the measurement. The decision limit is 60 for all three cases.
The shaded area indicates probability of misclassification given the distance between the true
value and decision limit and the precision.
(TIF)

S2 Fig. Impact of the eGFR distribution on misclassification. The graph shows the eGFR dis-
tribution for two different hypothetical patient populations. The upper panel represents a rela-
tively healthy population in which the majority of eGFR values are greater than 60 ml/min/
1.73 m2. In this population, the misclassification rate will be greatest at 60 ml/min/1.73 m2.
The lower panel represents a specialized population with kidney disease. In this population, the
misclassification rate will be greatest at 30 ml/min/1.73 m2.
(TIF)

S3 Fig. Impact of bias on misclassification. The true result is indicated by a lower case x and
the biased value is indicated by an upper case X. The decision limit is indicated by L. Due to
imprecision, the observed values will form a distribution around the mean value. In the upper
panel, bias moves the mean toward the decision limit and increases the probability of misclassi-
fication. In the lower panel, bias moves the mean away from the decision limit and decreases
the probability of misclassification.
(TIF)

S4 Fig. Limits of biological variation as a function of eGFR. The lower limit is the 2.5th per-
centile and the upper limit is the 97.5th percentile of observations.
(TIF)

S5 Fig. Comparison of observed discordances to biological variation. Each line represents
the difference between the Jaffe result and enzymatic result. The vertical lines indicate the deci-
sion limit and two standard deviations of the difference (Jaffe-enzymatic) due to measurement
imprecision at the decision limit. The arrows are directed from the enzymatic result toward the
Jaffe result (the Jaffe result is greater than enzymatic when arrows point from left to right).
Heavy lines indicate statistically significant discordances (i.e., greater than two standard
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deviations of the biologic variation) and light lines indicate nonsignificant discordances (there
are no heavy lines in this graph).
(TIF)

S1 Data. Precision Data.
(XLSX)

S2 Data. Method Comparison Data.
(XLSX)

S3 Data. Biological Variation Data.
(XLSX)
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